STRECH is Seen to provide a global damage indicator to assess the global damage state of a structure. STRE.CH is also Seen to provide damage localization for static flexibility shapes or the first mode of simple structures. MAXON is a robust damage localization tool using the higher order dynamics of a structure. Several options are available to allow the procedure to be tailored to a variety of structures.
INTRODUCTION
Today's society depends upon many structures (such as aircraft, bridges, wind turbines, offshore platforms, and buildings) which are nearing the end of their design lifetime. Since many of these structures cannot be economically replaced, techniques for damage detection and health monitoring must be developed and implemented. Modal and structural dynamics measurements hold promise for the global nondestructive inspection of a variety of structures since surface measurements of a vibrating structure can provide information about the health of the internal members without costly (or impossible) dismantling of the structure. Advanced signal processing. noncontacting and embedded sensors. and analysis/test correlation technologies combine to make this a promising approach for the health monitoring of operational structures.
An operational structure is defined to be one which can perform, is performing, or has performed its intended function as opposed to a laboratory test article or a computer modei. Operational structures are often geometrically complex and may be too large to test in a laboratory. These structures are rarely truss-like and in fact tend to be more plate-like. Also, the boundary conditions associated w i t h such structures are not known as well as a laboratory test structure or a computer model. And finally, the environment associated with an operational structure (e.g. weather, t&ic patterns, or location) is usually changing and has a serious impact on the measured structural response. Therefore, it is desirable to perform health monitoring research and development on structures possessing such characteristics. This work discusses damage detection studies using three different operational structures. The superscript indicates data from the potentially damaged state. Data with no superscript is the baseline data which is considered undamaged. The summations are for all displacement differences defined along the load paths by the engineer. This basically defines the displacement difference xij as a fraction of the sum of all displacement differences measured for the structure's specific state [20] , and to a cantilevered wind turbine blade, as will be reported herein.
Although the average SR is not always exactly equal to one, it is generally veIy near one. This makes the interpretation of the data much easier, as a value much greater than one will indicate an area of the structure that has been significantly reduced in stiffness (i.e. damaged). The highest SR should correspond to the part of the structure most likely to be damaged. In practice, x is usually a displacement difference between two points on the structure, each of which has three m r d i m t a . The algorithm &&-+tes the square root of the sum of the squares of the three coordinate displacement differences, so that all x quantities shown in equation 1 are positive values. In many applications, not all accelerations are measured, however the accelerations in unmeasured coordinate directions are considered zero.
From equation 1 it can be Seen that if x.. is very small, the SR can become very uncertain. {ince all experimental data has. noise associated with it, and data fitting algorithms are not perfect either, a false SR that is very large (because of a small denominator corrupted significantly by noise) may be calculated. A small value of xij in the denominator means that the structure is not being exercised between points i and j in the baseline structure. If this is the case, the true response should be insensitive to damage betwen those two points. Therefore, the engineer establishes a minimum denominator value for xi. below which the SR is not calculated at all. In the aigorithm, the minimum denominator value is set as a percentage of the largest displacement difference for the baseline In this case a truncation is made using only n modes:
It should be. noted that the engineer is free to chose any measured output location as the input location for these calculations. The SR calculated with damage location as the input has the greatest sensitivity to damage. Unfortunately, this location will not be known a priori in real applications.
Displacement differences can be combined to calculate a global damage indicalor for the onset of recognizable damage. -4 threshold value for that quantity needs to be established which is high enough to discount the effects of noise, but low enough to sense significant damage. A quantih which has been developed to perform this function:
where the terminology is the same as in equation (1).
A procedure for establishing a noise floor for the damage indicator has been to extract the modal parameters two or more times using different extraction methods. The damage indicator variation calculated from these cases can provide an indication of the noise level to be expected.
The following sections details another damage detection approach which estimates mass and stiffness matrices directly from data and uses that representation to localize changes in the structure from subsequent tests.
Also, areas of the structure which are very stiff will tend magnify noise measurements in the data and provide false indications of damage. Therefore, a scaling can be performed to reduce this effect:
MAXCON
Zimmerman's approach to damage detection involves using modal frequencies (cop) and mass- 
where all of the above quantities are matrix quantities containing information from all of the measured modes. The matrix o2 is a diagonal matrix with the squares of the modal frequencies from the damaged test on the diagonal. Note that B would be a matrix of zeros if the undamaged modal properties are used. In theory, the zerolnon zero pattern of the dynamic residual, B, will provide the information as to the location of the damage when damaged modal properties are used. In actuality, noise and modeling issues will corrupt this zcrohon zero pattern. Also, FEM reduction procedures will tend to mask the true location of the errors [6, 7] .
Analyzing the dynamic residual matrix, B, to determine the damage locations can be difficult. However, the most important information can be extracted by performing a Singular Value Decomposition (SVD) on the matrix and viewing the first left singular vector.
To avoid the problems associated w i t h reducing a FEM to the test degree's of freedom, this work uses mass and sti&less matrices which are calculated from data as Alvin, Peterson, Park, and Doebling have done [11, 12] . The inverses of these matrices can be thought of as sums of the measured parameters: (7) The null space will be scaled by replacing diag(0) with a diagonal matrix of non-negative entries, denoted by diag(X-'), chosen to have the final mass matrix M meet some prearranged criteria. The final mass matrix will then have the following form: (6) If the test data contains as many modes as sensor locations then these matrices could be inverted directly. However, the typical situation in testing is to acquire data from many more sensor locations than the number of extracted modes. Therefore the inverse matrices are rank deficient and not invertable. A pseudo-inverse can be used to calculate rankdeficient mass and stiffness matrices [12] . Another approach is to augment the measured mode shapes with the null space of the rankdeficient M-' matrix similar to the approach used in reference { 1 I]. The null space (UN) of this matrix can be calculated using the SVD:
M=[UR UN
This then allows the matrix to be completed (hence the acronym MAXCON) in spite of the rankdeficiency. The criterion used in this work is to attempt to force certain elements of M to be zero to reflect an assumed model of the structure. This requires the user to select load paths similar to that done for the STRJXH algorithm. The work reported herein assumes springs are connecting each sensor to its nearest neighbor as well as additional springs to ground. This allows the elements of X to be chosen in a least squares sense to drive the required elements of M toward zero. It should be noted that the problem must be constrained if any elements of X are less than zero. The problem as posed above will not produce any zeros in the mass matrix as there is noise in the measurements and the simple underlying model will not usually capture the dynamics of the full system. Also, no attempt has been made in this w o k to constrain the selection of the values in X to match any other known quantities such as total mass or total inertia of the system. Adding such constraints should be included in future research.
The stiffness matrix is then calculated from the mass matrix as follows:
where diag(Y) is chosen to reduce the elements of K which are expected to be zero based on the load paths chosen by the engineer. This calculation is complicated by the fact that the elements in Y must be larger that all the elements in m2 to avoid the completion procedure placing unrealistic modes in the measured frequency band. Therefore additional inequality constraints are required. As with the mass matrix completion, no attempt has been made in this work to constrain the elements of Y to reproduce the f measured stiffness residual terms [2 11 . This physical constraint should also be added to the procedure.
Since a mass and stiffness representation of the structure can be provided for each damage case tested, equation ( (11) where AM and AK are perturbation matrices formed by differencing the respective matrices before and after damage. Therefore, if the matrices capture enough of the major dynamics of the system, an indication of whether a mass or a stiffness change occurred may be possible.
Additionally, since a simple underlying model of the structure has been assumed, a "disassembly" may be performed to further understand the source of the changes in the system [22] . Therefore, the mass and stif€ness matrices may be written in the following expanded form: where C is a connectivity matrix of 1's and O's, M, and K, are block diagonal matrices of the local mass and stiffness elements, m~ and K,I are matrices containing only the elements associated with the assumed simple model of the structure, containing only the additional elements modeling the load paths that are not contained in the simple model, and C1 and C, are the connectivity matrices for the corresponding submatrices. and K2 are matrices With this separation, the B matris can be written as the sum of a part that is due to changes in the simple model of desired load paths and a part due to changes in the extra load paths. This can be very useful, especially when the model errors are pronounced. It should be noted that no attempt has been made to assure that all of the resulting spring elements represented in M, and K, have a physically realizable spring constant, although the bulk of the elements are signed correctly. This is an additional constraint which could be applied to the problem.
The following section applies STRECH and MAXCON to a fatigue test of a Horizontal Axis Wind Turbine (HAWT) Blade.
HAWT BLADE FATIGUE TEST
A fatigue test to failure of a composite wind turbine blade was performed at the National Renewable Energy Laboratory. Periodic modal tests were performed during this test as well as acoustic emissions tests. This data will be utilized to further study the application of health monitoring techniques. When coupled with a noncontact transducer such as a scanning laser vibrometer, this technology could be applied in the field to periodically monitor a field of wind turbines and estimate remaining We in the blades.
DescriDtion of Test
The The test data included some unexpected phenomena. Following an initial drastic drop in all modal frequencies, most of the modal frequencies stayed constant until failure. At failure, most of the frequencies increased. The static stiffness also seemed to increase. One would expect the stiffness and therefore the frequencies to decrease with damage. An explanation for these phenomena has not been found at this writing. However, the test fixture was reoriented and hydraulic actuators changed at least three times during the test. Also during the four months of testing. a broad range of environmental changes were seen. These changes may have contributed to the unexplained phenomena seen in the data.
STRECH
The STRECH approach was applied to this data to determine thc global extent of damage and to localize the data. The data set included a series of thirteen accelerometer locations along the center line of the test item. Ail sensors measured motion in the most flexible direction. Additional sensors were placed at the root to monitor that most critical area. The chosen load path treated the blade as a simple cantilever beam. Therefore only sensors along the centerline were used and each was assumed connected to its nearest neighbor, Along the blade, rotations were estimated by the parabolic fit approach. At the root, sensors were provided above and below the shaft in the axial direction. This allowed rotations at the root to be estimated by differencing two sensors. The eleven modes were used to calculate the static flexibility shape, which was used in analyzing this data set. Figure 1 provides the global damage indicator calculated using SRs estimated from translation sensors only. The reader should realize that only 13 tests (1, 3,4, 5 , 6 , 10, 15, 20,25 Figure 2 provides the same translationa! damage factor. however the static shape calculations use a sensor location near the root of the blade (and near the failure point) as the simulated input. The data is much more consistent, due to the lack of extreme local variations, than that shown in the previous plot. In fact, after test 15 the trend is as would be expected which is constantly increasing until final failure. However. the initial rise and steep drop after test I O is still present in the data. The sharp rise bet\\ecn test 1 and test 3 is a result of the initial changes that caused the frequencies to drop. As with the previous data, further study is needed to attempt to explain the characteristics of the data in terms of identifiable changes in the test set-up. Also since the input location was moved to the known damage location, this analysis would require a certain amount of engineering insight to use in a field application.
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MAXCON
The MAXCON analysis utilized the same beamlike load path as used in STFECH. Translations and rotations calculated as with STRECH were also used. Scaling (as described in equation (6)) was found to be unnecessary and in fact detrimental. The mass/stiffness separation as described in equation (1 1) was found to be necessary to achieve success. Disassembly, as described in equation (1 2), has not been attempted to date. All eleven modes were used in the analyses presented herein. Figure 3 provides the absolute values of the firs1 singular vector for both the mass and the stiffness parts of the dynamic residual using test 1 as the undamaged case and test 3 as the damaged case. Thercforc, these plots reflect the changes which caused thc initial drop in modal frequencies. It should bc noted that there are thirteen sensor locations used in this analysis. Each location has a measured translational and a calculated rotational Degree Of Freedom (DOF). In Figure 3 , the odd-numbered DOF's are translations. The rotational DOF's are even-numbered in Figure 3 . The cantilever is at DOF's 25 and 26. The final visible damage is between DOF's 19 and 2 1 as shown in the stifliiess plot marked BK. Hence, this plot shows an initial stiffness change in the expected failure region and at the cantilever. The plots also show large mass changes at several locations closer to the free end of the beam. Since no significant mass changes are expected, they might be associated with errors in the model due to the matrix completion procedure. Constraining the mass matrix completion to maintain the known mass quantities might alleviate some of these discrepencies. Figure 4 provides the same damage localization analysis as Figure 3 . However, the undamaged or baseline test is Test 3 and the damaged or comparison test is Test 32. The stiffness changes are shown to be at DOF's 21 and 23. This is the final failure area, It should be noted that this is the region of highest stiffness in the structure and hence the most sensitivity to stiffness changes and/or noise. However, the mass changes also show large changes at the same locations. Complete analysis of this test series will require a more complete understanding of the test procedures and any test anomalies which may have occurred during the experiments. However, the results for damage detection from this structure are encouraging.
The next section will apply STRECH and MAXCON to an induced damage test of a highway bridge.
Bridge Test
Albuquerque, New Mexico was a fracture critical bridge which means it was constructed without structural redundancy. Figure 5 provides a schematic of this structure. The primary structural members were two 10' deep plate girders which ran the length of the bridge. If one of these members failed, the bridge could be expected to collapse. Since many similar bridges are still in operation, the Federal Highway 
Description of Test
induced damage tests performed on the decommissioned structure. Before demolition of the bridge, a series of progressively more serious cuts were made in one support beam of the bridge [19] . b s Alamos performed a series of modal tests on the bridge as well as extensive modeling. Modal tests were performed in the initial condition and after each cut. Los Alamos personnel also applied the Sandiadevcloped Natural Excitation Technique (NEXT) 1241 to the bridge data which a!lo\ved extraction of modal The Rio GranddI40 bridge tests were a set of parameters during traffic excitation. A new type of noncontact sensor based on microwave interferometry was also used on the bridge by Los Alamos personnel. Sandia designed and operated the exciter system for the dynamics tests. Sandia personnel also acted as consultants for the application of NEXT and provided some logistics support during the modal tests.
A series of four cuts were made in the plate girder after the bridge was closed to all traffic. The fourth cut completely severed the lower half of the plate girder I section Random excitation was provided from [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Hz with a peak input of 2,000 lbs. Uniaxial sensors at 26 locations were used as the primary instrumentation set. All sensors and the force input were in the vertical direction. Six vertical modes were extracted. Power spectral density data from 10 additional sensor locations for the Texas A&M work were also acquired. Also, stepped sine testing was provided for the Los Alamos microwave sensors. modes after each cut. Notice the slight increase in frequency after the first cut. This inconsistency is believed to be due to mass being removed from an adjacent bridge which shares the same pylon.
However, analysis using MAXCON points to a mjor change at only one side of the bridge, and has tended to point to a stiffness change. In general the changes in frequency become obvious only after the fourth cut. Even though the signal to noise ratio might not have been as good for cut 4, the damage was so sigruficant that the noise did not matter so much. Note that the SR increases with increasing level of damage in the actual damaged element (number 107-108). Table 2 lists the results. described by equation (6) was also required.
' Figure 6 provides a bar chart of the entries in the first singular vector of the scaled B matrix which is the dynamic residual associated with the assumed model. This data set was calculated using the undamaged data set as the baseline and at-1 as the comparison case. Figure 7 provides the same information for cut 2 with similar results as seen in Figure 6 . Figure 8 provides the information for cut 3 , again with similar results. And finally, Figure 9 provides the cut 4 data.
One can see that the known damage location @OF 39) is starting to increase relative to the phenomena at the end of the span. 
SUMMARY AND CONCLUSIONS
